Using methods combining cross-linking, pull-down assays, and stable isotope labeling by amino acids in cell culture with mass spectrometry, we identified that the Tudor domain-containing protein Spindlin-1 recognizes trimethylation of histone H4 lysine 20 (H4K20me3). The binding affinity of Spindlin-1 to H4K20me3 is weaker than that to H3K4me3, indicating H4K20me3 as a secondary substrate for Spindlin-1. Structural studies of Spindlin-1 in complex with the H4K20me3 peptide indicate that Spindlin-1 attains a distinct binding mode for H4K20me3 recognition. Further biochemical analysis identified that Spindlin-1 also binds methylated R23 of H4, providing new clues for the function of Spindlin-1.
Despite rapid progress in hPTM identification [6] , the dynamic regulation and biological function of some identified hPTMs, such as short-chain acylation and methylation, on some special sites remain poorly understood. The trimethylation of lysine 20 at the N-terminal tail of histone H4 (H4K20me3) is evolutionarily conserved from yeast to humans [7] and is reportedly a marker of silenced heterochromatic regions and associated with DNA replication and repair, metabolism, and the cell cycle [8] [9] [10] [11] . The loss of H4K20me3 coupled with reductions in acetylation of lysine 16 at histone H4 is a common hallmark of human cancers [12] . In addition, H4K20me3 is also identified in sperm chromatin, indicating a potential role during spermatogenesis [13] [14] [15] [16] . However, how H4K20me3 functions in these processes remain unclear due to minimal information pertaining to the readers specifically recognizing H4K20me3.
Because interactions between modified histone tails and the associated writers, erasers, or readers might be transient and weak, it is challenging to identify these hPTM-binding proteins. Although H4K20me3 has been known for decades, only one reader [Jumonji domain-containing-2 (JMJD2A)] has been well characterized [17] . To address these issues, here we used a cross-linking-assisted and stable isotope labeling by amino acids in cell culture (SILAC)-based Protein Identification (CLASPI) technology to profile the proteins that bind H4K20me3 [18] [19] [20] and identified Spindlin-1 as a reader for H4K20me3.
Spindlin-1 was previously identified as a reader of trimethylation at the K4 residue of histone 3 (H3K4me3) [21] . In addition, it binds the dual H3K4me3-H3R8me2a methylation pattern and plays an import role in activation of Wnt-signaling pathway [22] . Crystal structure of Spindlin-1 in complex with the H3(1-8)K4me3R8me2a peptide revealed that the aromatic cages in domains I and II recognize R8me2a and K4me3 markers, respectively [22] . When we identified Spindlin-1 as a potential binding protein to H4K20me3 according to CLASPI, Erin et al. [23] classified it as a reader of H4K20me3 using histone peptide microarray screens of the chromo and Tudor domains. Although domain II of Spindlin-1 was verified as being responsible for H4K20me3 binding via introduction of a Y170A mutation, the details of the interaction between Spindlin-1 and H4K20me3 remained unclear. In addition, the mechanism associated with how Spindin-1 recognizes H3K4me3 and H4K20me3 remain unknown.
In our study, biochemical and structural analyses provide the molecular basis for the distinct mode of recognition of H3K20me3 by the Spindlin-1 Tudor-like Domain II. In addition, we identified that Spindlin-1 recognizes mono-and di-methylated R23 of H4 through its Tudor-like Domain I. Our studies provide new insights into the biological function of Spindlin-1 and the methylations of K20 and R23 sites of the H4 tail.
Experimental procedures

Stable isotope labeling by amino acids in cell culture
The SILAC experiments were performed as previously reported [19] . Briefly, HeLa cells were grown in advanced Dulbecco's Modification of Eagle Medium (DMEM) (without Lysine and Arginine, Thermo Fisher, San Jose, CA, USA) supplemented with 10% dialyzed fetal bovine serum (Thermo Fisher) and penicillin-streptomycin. Stable isotope labeled and nonlabeled arginine (42 mgÁL À1 ) and lysine (73 mgÁL À1 ) were added for 'heavy' and 'light' cell culturing, respectively. As to the 'heavy' isotope labeling cells, cells have undergone at least five cell doublings in SILAC medium, expecting proteins obtained from each cell dish be definitely labeled (> 99%) with the SILAC amino acids. Final cell pellets were harvested and washed with precooled PBS buffer, then frozen in liquid N 2 and stored at À80°C for further using.
Nuclear protein extraction
To extract the nuclear proteins, the stored cells were disposed with gradient detergent containing buffer. The cells were first resuspended with buffer A (25 mM HEPES, pH 7.5, 100 mM NaCl, 50 mM KCl, 2% Glycerol, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride (PMSF), Roche Complete EDTA free protease inhibitors and 0.05% NP-40) and incubated for 30 min on ice. The suspension was then centrifuged at 25 000 g for 30 min at 4°C and the supernatant was discarded. The resulted pellets were resuspended with a higher concentration of NP-40 (2%) substituted buffer A, rotated for 60 min and centrifuged at 25 000 g for 30 min at 4°C. The supernatant containing the extracted nuclear proteins is collected for pull down assays.
Photo-cross-linking assisted pull down assay
Two parallel pull down experiments were conducted. Probe 1 and Probe C were incubated with heavy and light SILAC nuclear protein extraction, respectively, in the 'Forward' experiment, and vice versa in the 'Reverse' experiment. The probe and the protein extraction were mixed in the binding buffer (25 mM HEPES, pH 7.5, 100 mM NaCl, 50 mM KCl, 2% Glycerol, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride (PMSF), Roche Complete EDTA free protease inhibitors and 2% NP-40) and incubated for 30 min at 4°C. The mixture was then subject to ultraviolet (UV) light at the wavelength of 365 nm for 45 min on ice. The UV irradiated samples were incubated with high capacity streptavidin agarose beads (Thermo Fisher Scientific) for 30 min at 4°C to enrich the proteins cross-linked to biotinylated Probe 1 and Probe C. The beads were washed four times with buffer A containing additional 6 M urea and twice with PBS buffer to remove nonspecific binding proteins. Beads were then boiled with 5X SDS-sample buffer and proteins retained on the beads were analyzed on SDS/PAGE. The bands corresponding to potential H4K20me3 binders were cut for mass spectrometry analysis.
In-gel tryptic digestion
The bands were manually dissected to small pieces and transferred to1.5 mL centrifuge tubes loaded with 500 lL of 50% ACN/25 mM ammonium bicarbonate solution to remove the dye. After 45 min's incubation, gels were dehydrated with 500 lL of ACN for 30 min. The dried white gel particles were rehydrated in a refrigerator for 2 h with trypsin (Promega, Madison, WI, USA) in 25 mM ammonium bicarbonate solution, and then incubated at 37°C for 16 h. After that, the peptide mixtures were extracted with double volume extraction solution (70% ACN/0.5% TFA) at 37°C for 1 h. Finally, the extracts were dried in an Eppendorf Concentrator Plus.
Liquid chromatography-tandem MS
Nano-LC MS/MS experiments were performed on a nanoEASY 1000 LC connected to an Orbitrap Fusion Tribrid MS (Thermo Fisher Scientific Inc.). Samples were loaded onto an Acclaim PepMap precolumn (0.1 9 20 mm, Thermo Fisher Scientific Inc.) for 2 min at a flow rate of 8 lLÁmin À1 . The samples were subsequently separated by an Acclaim PepMap RSLC column (0.075 9 250 mm, Thermo Fisher Scientific Inc.) at a flow rate of 300 nLÁmin
À1
. The mobile phases were 0.1% formic acid (phase A and the loading phase) and 99.9% acenitrile with 0.1% formic acid (phase B). A 45-min linear gradient from 5 to 30% phase B was employed. The separated samples were introduced into the mass spectrometer via NG-nanoflex nano-electrospray source (Thermo Electron Corporation, San Jose, CA, USA). The spray voltage was set at 2.0 kV and the steel ion transfer capillary was heated to 3400°C. The mass spectrometer was operated in full speed mode and each cycle of duty consisted one full-MS survey scan at the mass range 350-1800 Da, followed by as much as HCD MS2 scans possible in 3 s. Only doubly, triply and quadruply charged peptides were fragmented. The normalized collision energy was 37% and first mass was set at 110.
Database search
Protein searches were performed with MAXQUANT 1.5.3.8 against a database consisting 246 common contaminant proteins and the SWISSPROT databases (version 2014_07, downloaded from ftp://www.uniprot.org). Label method was set to 'Double Label with Arg0Lys0 and Arg10Lys8'. Variable modifications were methionine (M) oxidation and protein n-terminus acetylation. Number of max missed cleavage sites was set to 2. The acceptable criterion for identifications was the false discovery rate (FDR) less than 1% for peptides and proteins.
Protein preparation
Human Spindlin-1 50-262 encompassing the three Tudor-like domains was cloned to the pET28a vector with an N-terminal 8xHis tag and overexpressed in the Escherichia coli BL21 (DE3) strain. The target proteins were purified using Ni-NTA resin (GE Healthcare, Chicago, IL, USA). The proteins were further purified using a HiLoad 16/60 Superdex 200 column (GE Healthcare) in 20 mM Tris-HCl pH 7.5, 200 mM NaCl. The eluted fractions corresponding to target proteins were collected and concentrated for further use. Spindlin-1 mutants were generated by site-directed mutagenesis and purified with same method as the wild-type. Peptides used in this study were synthesized by Scilight Biotechnology Company (Beijing, China).
Isothermal titration calorimetry measurements
The interaction between Spindlin-1 (wild-type and mutants) and H4K20me (0/1/2/3) or H4R23me (0/1/2s/2a) peptides was analyzed by Isothermal Titration Calorimetry (ITC) using a MicroCal iTC200 instrument (GE healthcare) at 20°C in 20 mM Tris-HCl pH 7.5, 200 mM NaCl. For each ITC measurement, 1 mM (40 lL) peptide H4K20me1/2/3 was injected into a sample cell containing 37.5 lM (250 lL) Spindlin-1, 2 mM (40 lL) peptide H4R23me2s/2a was injected into a sample cell containing 100 lM (250 lL) Spindlin-1 and 4 mM (40 lL) peptide H4R23me1 was injected into a sample cell containing 100 lM (250 lL) Spindlin-1. All the experiments were done for three times. Experiment data were fitted to a single binding site model and analyzed using ITC data analysis module of ORIGIN 7.0 (MicroCal, Northampton, MA, USA) provided by the manufacturer.
Crystallization, data collection and structure determination
Purified Spindlin-1 (50-262) and H4 (16-25) K20me3 peptide were mixed at a molar ratio of 1 : 4 and incubated on ice for 1 h. The crystals were grown in 1.5 M (NH 4 ) 2 SO 4 , 0.1 M Bis-Tris, pH 7.0. For data collection, the crystals were gradually transferred into cryoprotectant solution supplemented with 20% (v/v) glycerol and flash-cooled in liquid nitrogen. X-ray diffraction data were collected at 100 K on beamline BL17U1 at the Shanghai Synchrotron Radiation Facility (k = 0.9791 A) using a Quantum 315r CCD detector (ADSC). Diffraction data were indexed, integrated and scaled using the program HKL2000 [24] . The Spindlin-1/H4 (16-25)K20me3 complex structure was solved by molecular replacement using the apo form structure of Spindlin-1 as the searching model (PDB entry: 2NS2). Structure refinement was performed using the programs REFMAC5 [25] and COOT [26] . TLS refinement was applied to improve the electron density map. The quality of the final model was analyzed by the program Procheck in CCP4 [27] . Data collection and model refinement statistics are shown in Table 1 . All the structural figures were prepared using PyMOL (http://www.pymol.org).
Results and Discussion
Identification of Spindlin-1 as a reader for H4K20me3
To profile H4K20me3 binding partners, an optimized cross-linking-assisted and SILAC-based integrative chemical biology approaches strategy (CLASPI) was set up and applied. A peptide containing the trimethylated K20 of histone H4 (residues 9-25) with a photoactive chemical group (benzophenone) appended to the R23 residue and a biotin tag incorporated at the N terminus was synthesized as Probe 1, with Probe C lacking trimethylation at the K20 residue was correspondingly designed as a control (Fig. 1A) . The procedures for SILAC combined with mass spectrometry (MS)-based quantitative-proteomics technology is shown in Fig. S1 and described in method. The proteins captured by the biotin-coupled probes were isolated and enriched with streptavidin agarose, pooled for SDS/PAGE (Fig. 1B) and analyzed using liquid chromatography tandem MS (LC-MS/MS).
Using this method, the proteins with high SILAC heavy/light (H/L) ratios in the 'Forward' experiment and high light/heavy (L/H) ratios in the 'Reverse' experiment were potential H4K20me3-binding proteins. To intuitively distinguish specific from nonspecific binders, the logarithmic (Log2) SILAC ratios of the identified proteins were analyzed in a twodimensional plot (Fig. 1C) . The X-and Y-axis represent the H/L molar ratio in the 'Forward' groups and the L/H molar ratio in the 'Reverse' groups, respectively. The major partially identified proteins showed no significant difference in molar ratios between heavy and light forms and distributed close to the grid origin, suggesting that they represent nonspecific binding proteins. By contrast, we identified a Tudor-like domain-containing protein (Spindlin-1) at the first quadrant, which showed the highest SILAC H/L ratio and indicated a protein potentially exhibiting specific binding for H4K20me3 (Fig. 1C,D,  Fig. 1-source data 1 and 2 ).
Structural basis for the recognition of H4K20me3 histone mark by the Tudor-like Domain II of Spindlin-1
To investigate the mechanism associated with how Spindin-1 recognizes H3K4me3 and H4K20me3, we first confirmed Spindlin-1 binding to H4K20me3, as well as to H3K4me3, by in vitro peptide-pull-down assays ( Fig. 2A) . In addition, quantitation of binding affinity using isothermal titration calorimetry (ITC) indicated that Spindlin-1 showed preference for the trimethylation, rather than dimethylation and monomethylation at the H4K20 site ( Figs 2B and S2 ). No interaction with unmodified H4K20 was detected.
To explore the molecular basis for H4K20me3 recognition by Spindlin-1, the crystal structure of Spindlin-1 in complex with the H4 (residues 16-25) K20me3 peptide was determined (Fig. 2C ). Similar to previously reported structures [21, 28] , the overall arrangement of Spindlin-1 in the complex contains three Tudor-like domains assembled into a highly integrated globular structure (Fig. 2C,D) . Each Tudor-like domain is composed of four b-strands (b1-4), with an extra b-strand and two extra a-helices (a1-2) in the first (domain I) and second (domain II) Tudor-like domains, respectively. The H4K20me3 peptide is recognized by domain II, and five residues (residues 17-21) were unambiguously modeled in the electron-density map ( Figs 2C,D and S3 ). The side chain of trimethylated K20 is anchored by cation-p and hydrophobic interactions with an aromatic cage composed of F141, W151, Y170, and Y177 (Fig. 2E) . Mutation of F141, W151, and Y177, especially Y170 to alanine significantly decrease or disrupt (Y170A) the binding affinity with H4K20me3 peptide, clarifying the critical role of the aromatic cage of Spindlin-1 for H4K20me3 binding ( Figs 2F and S4 ). The high degree of specificity of Spindlin-1 for the H4K20me3 peptides also involves a series of intermolecular interactions (Fig. 2E) . The imidazole ring and the backbone carbonyl group of histone H4-H18 hydrogen bonds to the side chain of Spindlin-1 D184 and the main-chain amine group of Spindlin-1 E142, respectively. The binding ability of Spindlin-1 to H4K20me3 peptide was decreased by~2 -fold with the mutation of D184 to alanine, indicating that the recognition of H4K20me3 peptide by Spindlin-1 is further stabilized by the interactions provided by nearby residues in addition to H4K20me3 site. Similar to previously described mechanisms of H3K4me3 recognition by Tudor-like domain II [21] , neither domain I nor domain III was capable of H4K20me3 binding. Structural analysis revealed that the potential protein-contact region in Tudor-like domain III corresponding to the peptide-binding region in domain II is enriched with positive charges (Fig. 3A,B) . In addition, domain III lacks the residue corresponding to D184 of domain II, which contributes to formation of an important hydrogen bond with the side chain of histone H4-H18 (Fig. 3C) . In contrast to domain III, domain I harbors an intact aromatic cage similar to domain II, including residues W62, W72, Y91, and Y98, which are highly consistent with the corresponding residues in domain II (Fig. 3A,  B) . However, the conformation of W72 is largely different from that of W151 in domain II, which results in the cage conformation being too tight and narrow for positioning a trimethylated lysine (Fig. 3D) . In addition, D105 in domain I (corresponding to D184 in domain II) is located on a disordered loop instead of an a-helix, which might preclude D184-mediated functions (Fig. 3D) . Therefore, Tudor-like domain I appears unsuitable for H4K20me3 recognition, although the full aromatic cage in domain I is likely capable of recognizing other methylated histone residues, such as H3R8me2 [22] . The mutation of Tudorlike domain I, W72R, binds to H4K20me3 peptide with a comparable affinity (Fig. S5 ) similar to that of wild-type (Fig. 2B) , further confirmed that Spindlin-1 Tudor-like domain II but not domain I specifically recognizes H4K20me3 modification.
Spindlin-1 binds H4K20me3 peptide in a different mode compared to that of H3K4me3
Although Spindlin-1 recognizes both H3K4me3 [21] and H4K20me3 via Tudor-like domain II, structural comparison of the Spindlin-1-H3K4me3 complex with the Spindlin-1-H4K20me3 complex revealed that the binding modes of Spindlin-1 for the two peptides differ. The two peptides both bind to the second Tudorlike domain ( Figs 2C-E, 4A,B) , and no conformational changes occur in the Spindlin-1 complex of either structure (root-mean-square deviation = 0.25 A). However, we observed that fewer Spindlin-1 residues participated in the interaction with H4K20me3 as compared with H3K4me3 ( Figs 2C-E and 4A,B) . In addition to the aromatic pocket and D184 residue required for H4K20me3 binding, the additional side chains of residues E142, D173, Q180, and D189 are necessary for H3K4me3 stabilization (Fig. 4A,B ). These differences indicated that H3K4me3 might bind more tightly to Spindlin-1 as compared with H4K20me3. Consistently, Spindlin-1 showed a~3-fold higher binding affinity for H3K4me3 (K d = 0.25 lM) [21] than H4K20me3 (K d = 0.8 lM) (Fig. 2B) .
Spindlin-1 and JMJD2A recognize H4K20me3 peptide with distinct mechanisms
Similar to Spindlin-1, JMJD2A is another Tudor-like domain-containing protein reported as a reader for both H3K4me3 and H4K20me3 [17] . Structural comparison revealed that the interactions of the H4K20me3 peptide with Spindlin-1 and JMJD2A are largely different (Figs 2C-E and 4B,C). JMJD2A harbors a semi-aromatic cage comprised of F932, W967, Y973, and D934 (Fig. 4B,C) . The tyrosine (Y177) in Spindlin-1, which is important for stabilizing the trimethylated lysine, is substituted by an aspartate residue (D934) in JMJD2A. As previously reported, the semi-aromatic cage generally favors binding to dimethylated lysines [29, 30] , whereas JMJD2A shows a~10-fold higher binding affinity for H4K20me3 relative to that for H4K20me2 [17] . This suggested the likelihood that additional interactions outside of the semi-aromatic cage enhance the binding affinity of JMJD2A for the H4K20me3 peptide. In contrast to the necessity for only H18 of the histone H4 tail interacting with Spindlin-1, three arginines (R17, R19, and R23) in the histone H4 tail participate in JMD2A interactions (Fig. 4B,C) . The side chains of these arginines form hydrogen bonds with F932, D934, and T968 of JMJD2A, respectively. These results indicated that the molecular mechanisms involved in recognition of H4K20me3 by readers are distinct.
Spindin-1 recognizes H4R23 methylation via Tudor-like domain I
The hPTM readers, such as Spindlin-1, recognize not only the modified histone residue, but also nearby sequences, to execute different biological processes. Spindlin-1 reportedly binds the dual H3K4me3-H3R8me2a methylation pattern that plays an import role in activation of Wnt-signaling pathway [22] . By comparing the complex structure of Spindlin-1-H4 (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) K20me3 with that of Spindlin-1-H3(1-8)K4me3R8-me2a, as well as the sequences of the two peptides, we hypothesized that Spindlin-1 harbors the structural features necessary to recognize methylated H4R23 via domain I either alone or in addition to H4K20me3 recognized by domain II (Fig. S6) . Recently, additional H4R23 methylation events were reported to alter the interaction of methylated H4K20 with its reader [31] . Interestingly, H4K20me1R23me and H4K20me2R23me patterns were identified in mouse sperm. In addition, Spindlin-1 was shown to express in mouse testis and involved in spermatogenesis [16, 32] . These studies indicate that Spindlin-1, methylations on H4K20 and H4R23 sites are likely functional related. Thus, we hypothesized that Spindlin-1 might also recognize methylated H4R23 or the H4K20-H4R23 methylation patterns, or the recognition of H4K20me3 by Spindlin-1 could be regulated by H4R23 methylation. To verify our speculation, we first confirmed the binding of mono-(me), symmetric-di-(me2s) and asymmetric-di-(me2a) methylated H4R23 to Spindlin-1 by ITC assays. Spindlin-1 showed preference for H4R23me2a (K d value of 32.1 AE 1.6 lM) rather than H4R23me2s (K d value of 76.3 AE 16.5 lM) and H4R23me (K d value of 172.1 AE 32.8 lM). No interaction with unmodified H4R23 was detected (Fig. 5A) . Point mutation of the aromatic cage in domain I significantly decreases the binding of H4R23me2a peptide (Fig. 5B) . In addition, the mutation of W151 in domain II shows a similar binding affinity to H4R23me2a peptide (Fig. 5B) to that of wild-type (Fig. 4A) , further confirmed that methylated H4R23 specifically binds to Tudor-like domain I of Spindlin-1. These results indicate that Spindlin-1 not only functions as a reader for H4K20me3, but also recognizes methylated H4R23. To investigate whether Spindlin-1 also binds H4K20-H4R23 methylation pattern, we compared the binding of Spindlin-1 to H4K20me3R23me2a with that to H4K20me3 and H4R23me2a by ITC assays. As shown in Fig. S7 , the binding affinity of Spindlin-1 with H4K20me3R23me2a methylation pattern is~5-fold higher than with H4R23me2a, while~8-fold lower than with H4K20me3. This result indicates that Spindlin-1 might not recognize H4K20me3R23me2a methylation pattern, although it functions as a reader for H4K20me3 via Tudor-like domain II and H4R23me2a for domain I, respectively. However, the asymmetricdi-methylation at H4R23 site might down regulate the binding of H4K20me3 to Spindlin-1. Further investigation is required to verify the recognition of H4K20-H4R23 methylation patterns by Spindlin-1.
In summary, our studies confirmed CLASPI as a powerful technology for the identification of hPTM-specific binding proteins. Subsequent biochemical and structural studies provided the molecular basis for the distinct modes of Spindlin-1 recognition of methylated H4K20 by Tudor-like domain II. Further biochemical analysis identified that Tudor-like domain I of Spindlin-1 binds mono-and asymmetric-di-methylated R23 site of H4.
The recognition of H3K4me3 by Spindlin-1 has been reported to function in the stimulation of rRNA expression [21] and the activation of Wnt-signaling pathway [22] . H3K4me3 is a well-studied histone marker which is highly enriched at active promoters. Therefore, the function of H3K4me3 is tightly associated with transcriptional activation [33] [34] [35] . By contrast, H4K20me3 is generally reported to be a marker The models in C and D were generated by superimposing the overall structure of peptide-bound Tudor-like domain II with the structure of domain III and II, respectively. Key residues that involved in the peptide binding in domain II and the corresponding residues in domain III and domain I are shown as sticks with the carbon atoms colored in cyan, purple and red, respectively. The H4 peptide is colored in yellow with K20me3 and H18 residues indicated as sticks. Residues in H4 peptide, Tudor-like domain I, II and III are labeled in yellow, red, cyan, and purple, respectively. of heterochromatin and be normally associated with transcriptional silencing [7, 8, 36] . Considering that H4K20me3 is highly enriched at pericentric and centric heterochromatin region, it might play a role in ensuring the correct chromosome segregation in both mitosis and meiosis. Consistently, Spindlin-1 not only recognizes H3K4me3 to function in Wntsignaling pathway activation [22] , but also regulates chromosome segregation in mitotic and meiotic division [37, 38] . The recognition of methylated H4 C-terminal tail by Spindlin-1 might function in cell cycle regulation. However, further in vivo studies are required to investigate the biological relevance of Spindlin-1 as the H4K20 methylation reader.
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